Introduction
[2] Orbital detection of an alteration mineral (crystalline gray hematite) guided the Mars Exploration Rover (MER) Opportunity to its landing site in Meridiani Planum [Christensen et al., 2000; Golombek et al., 2003] . Within weeks of landing there, rover measurements revealed that both the hematite and abundant sulfates had formed in sedimentary rocks that were diagenetically altered-and in some cases deposited-in an aqueous environment [Squyres et al., 2004] . Orbital detection of hydrated sulfates in northern Meridiani-although not in the hematite-bearing plains sampled by Opportunity-suggested this aqueous environment was regionally extensive [Arvidson et al., 2005] . But this environment was characterized by low pH and low water activity, suggested to be significant challenges for habitability on Mars [Tosca et al., 2008] . All bedrock examined by the rover to date likely formed under a similar range of conditions, spanning a small fraction of Martian history [Squyres et al., 2006 .
[3] Elsewhere on Mars, primarily in Noachian terrains, phyllosilicates have been detected in orbital near-infrared spectra [e.g., Poulet et al., 2005; Mustard et al., 2008; Bishop et al., 2008] . The observed phyllosilicates typically form under neutral to alkaline conditions [Chevrier et al., 2007] , and on Mars they are hypothesized to reflect an early period of more abundant water and possibly more habitable conditions than existed during the period when sulfates formed [Bibring et al., 2006] . However, much remains unknown about the context of phyllosilicate formation: whether wet conditions were persistent or transient, at the surface or beneath it, and whether the observed phyllosilicates formed in situ or have been redistributed by sedimentary and impact processes. Mineral abundances are difficult to constrain from near-infrared spectra, and additional phases in the phyllosilicate-bearing rocks remain largely unidentified [Milliken et al., 2009] . Ground truth would significantly advance our understanding of Martian phyllosilicates and is a major goal of future landed missions [e.g., Grotzinger, 2009] .
[4] Here we report the orbital identification of both phyllosilicates and hydrated sulfates in outcrops that may be accessible by Opportunity. The rover is driving southward from Victoria crater toward the much larger (20 km diameter) Endeavour crater ( Figure 1a ). Endeavour crater was largely buried by the Late Noachian to Early Hesperian sulfate-rich sediments studied by the rover to date, and thus its formation predates these sediments [Arvidson et al., 2006] . Segments of its eroded rim protrude above the sediments, exposing ancient strata. We use Mars Reconnaissance Orbiter (MRO) data to investigate the mineralogy and morphology of the exposed Endeavour rim segments and the adjacent plains sediments.
Spectral Analysis
[5] We analyzed near-infrared hyperspectral images from the MRO Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [Murchie et al., 2007] . CRISM I/F data were processed as described by Murchie et al. [2009] , including division by the cosine of the solar incidence angle and atmospheric removal via division by a scaled transmission spectrum derived from observations over Olympus Mons . Spatial and spectral noisefiltering [Parente, 2008] were also applied.
[6] Pixels having spectra with absorptions characteristic of hydrated minerals are mapped (Figures 1b and 1c ) using spectral summary parameters [Pelkey et al., 2007] . Large numbers of these pixels are averaged to improve signal-tonoise, and the result is divided by an average of spectrally neutral pixels in the same CRISM scene. This spectral ratio method suppresses residual systematic artifacts of instrument calibration and atmospheric removal while accentuating unique spectral signatures in the numerator spectrum.
Phyllosilicates
[7] Spectra of portions of the Endeavour crater rim contain absorption bands diagnostic of phyllosilicates ( Figure 2a ). In particular, bands at $1.9, 2.3, 2.4 mm and a weaker feature at 1.4 mm are characteristic of Fe/Mgsmectite clays [e.g., Bishop et al., 2002] . Higher Mg/Fe content shifts the wavelength of the 2.3 mm band, from $2.28 mm in Fe 3+ -rich dioctahedral nontronite to $2.31-2.32 mm in Mg-rich trioctahedral saponite [Swayze et al., 2002] . The positions of the 2.3 and 2.4 mm bands in Endeavour rim spectra are intermediate between those of nontronite and saponite, suggesting that both Fe and Mg are [Pelkey et al., 2007] , blue = BD1900H [Ehlmann et al., 2009] . Mapped band depths are typically 0.4-1.1% for D2300 and BD1900H, 0.6 -1.8% for SINDEX. (d) Median-filtered elevation profile (transect shown by the blue line in Figure 1a) ; from HRSC h1183_0000 digital elevation model, relative to spheroid and hypothesized stratigraphy, with subhorizontal hematitic plains layers (gray, short dashes) overlying layers with hydration signature (cyan, long dashes), which onlap tilted phyllosilicate-bearing layers (red lines) exposed in Endeavour rim. present, similar to other smectite occurrences on Mars [e.g., Bishop et al., 2008] . Consistent results are obtained from multiple observations covering the rim segments in Figure 1b , including FRT00008541, FRT0000CE1D, FRT00011A38, and HRL0000D09A.
[8] In comparison to laboratory spectra of terrestrial smectite samples, the Endeavour rim spectrum has a weak 1.9 mm band relative to its 2.3 mm band (Figure 2a) , possibly due to dehydration under Martian atmospheric conditions [Bishop and Pieters, 1995; Milliken and Mustard, 2005] . Mixing with other components and/or rock coatings could also weaken the bands at 1.9 and especially 1.4 mm relative to pure lab samples, as Fe-minerals in coatings can dominate spectra shortward of $2 mm, but become more transparent at longer wavelengths [Swayze, 2004] Crowley, 1991; Cloutis et al., 2006] could account for the 1.9 mm band minimum occurring at a slightly longer wavelength than that observed in lab spectra of pure phyllosilicates.
Hydrated Sulfates
[9] Spectra of the plains adjacent to the western Endeavour rim segments (Figures 1b and 1c) contain absorption bands at $1.94 and $2.4 mm characteristic of polyhydrated sulfates (Figure 2b ). In particular, laboratory spectra of Mg-sulfates such as hexahydrite (MgSO 4 Á6H 2 O) are consistent with the Endeavour plains spectra, although other sulfate cations such as Fe 2+ or Fe 3+ cannot be ruled out. An additional weak feature at $2.2 mm could reflect a contribution from another hydroxyl-bearing mineral. Although the $2.4 mm band has been attributed at least in part to an S -O overtone absorption [Cloutis et al., 2006] , some hydrated minerals other than sulfates do have similar features in this spectral region [e.g., Crowley, 1991] . Nevertheless, Opportunity results indicate that abundant Mgsulfate is present in nearby Meridiani plains outcrops [Squyres et al., 2006 , and references therein], supporting its identification in the CRISM spectrum in Figure 2b . (Figure 3b) show that layers within the western rim dip away from the crater interior, as expected if the beds predate Endeavour crater and were back-tilted by the impact. In contrast, bright layers bounding many Endeavour rim segments [e.g., McEwen et al., 2009, Figure 29 ] dip down toward the crater interior; we cannot clearly determine whether these layers predate or postdate the impact based on orbital images.
Morphology and Stratigraphy
[11] Polygonal patterns are observed on bedrock exposures in all segments of the rim imaged to date (e.g., Figures 3c -3e) . The presence of these patterns virtually everywhere that rim bedrock is exposed suggests that the bedrock is pervasively altered. The diversity of textures exhibited in Figure 3 likely reflects diversity in composition and/or physical properties of the Endeavour rim materials.
[12] As with the traverse to Victoria crater , the traverse to Endeavour involves an elevation change, in this case $100 m downward and thus possibly down-section (Figure 1d ). The detection of hydrated sulfates in the lower-elevation plains adjacent to Endeavour may be stratigraphically consistent with their detection in the Meridiani ''etched terrains'' underlying the hematitic plains [Arvidson et al., 2005] . Orbital images (e.g., Figure 3b ) suggest that these sulfate-bearing plains onlap the Endeavour rim segments [Arvidson et al., 2006] , leading to the hypothesized, simplified stratigraphy shown Figure 2 . Ratio spectra from (top) CRISM FRT00008541 (bold lines median-filtered) and (bottom) lab spectra (vertically offset for clarity). Small features near 1.65 and 2.0 mm in CRISM spectra result from a filter boundary and from imperfect removal of atmospheric CO 2 bands, respectively. (a) Endeavour spectrum is 232-pixel average from rim segments in Figure 1b . Fe/Mg smectite (scaled x8) is sample GDS759A from Flagstaff Hill, CA (courtesy G. Swayze). Nontronite is sample NG-1 from the Clay Minerals Society, Source Clays Repository (spectrum NBJB26 in CRISM spectral library). Saponite is SapCa1.AcB from USGS spectral library [Clark et al., 2007] . (b) Spectra were continuum-removed in ENVI to eliminate an artificial slope resulting from the use of spectral ratios. Endeavour spectrum is 562-pixel average from plains adjacent to rim segments in Figure 1b . Hexahydrite (MgSO 4 Á6H 2 O) is LASF57A and rozenite (FeSO 4 Á4H 2 O) is BKR1JB626B from CRISM spectral library.
in Figure 1d . These interpretations can be tested and refined by rover observations.
Discussion and Conclusions
[13] As with the crystalline gray hematite in Meridiani Planum, obtaining ground truth on both phyllosilicates and hydrated sulfates identified from orbit would allow a more refined evaluation of what these mineral detections imply about environmental conditions on ancient Mars. Definitive identification of sulfate cations is difficult using nearinfrared spectroscopy (e.g., Figure 2b ), but possible with the Opportunity payload. Furthermore, although detections of hydrated minerals are widespread in Meridiani, including hydrated sulfates at some locations [e.g., Gendrin et al., 2005] , hydration has not been observed in near-infrared spectra at the locations sampled by Opportunity to date [Arvidson et al., 2006; Poulet et al., 2008] . Abundant hydroxylated and hydrated sulfates exist at these locations [e.g., Squyres et al., 2006] , but are apparently spectrally masked by effects that may include surface dehydration and coatings. Rover measurements at Endeavour crater could provide insight into the relative importance of such outcrop characteristics vs. absolute mineral abundances in controlling the band strengths observed from orbit, both for hydrated sulfates and phyllosilicates.
[14] Fe/Mg-smectites are the most commonly detected phyllosilicates on Mars [e.g., Bibring et al., 2006; Mustard et al., 2008; Wray et al., 2009] . They have been identified elsewhere in Meridiani [Poulet et al., 2008; Wiseman et al., 2008; Marzo et al., 2009] and more broadly in western Arabia Terra, in scattered outcrops stretching northward to the extensive exposures around Mawrth Vallis Bishop et al., 2008; E. Z. Noe Dobrea et al., Mineralogy and stratigraphy of phyllosilicate-bearing and dark mantling units in the greater Mawrth Vallis/West Arabia Terra area: Constraints on geologic origin, submitted to Journal of Geophysical Research, 2009] . The phyllosilicates in the rim of Endeavour crater may thus record a process of regional (or larger)-scale aqueous alteration distinct from any yet sampled by a landed mission. It has been suggested that the correlation of remotely sensed phyllosilicates to Early -Mid Noachian terrains and hydrated sulfates to Late Noachian -Hesperian terrains reflects a global change in aqueous conditions, with decreasing pH and water activity, and a corresponding decline in the planet's habitability over time [Bibring et al., 2006] . Endeavour crater may represent our first opportunity to test this hypothesis in situ.
[15] The closest point on the rim of Endeavour (Figure 1c ) is $12 km from the rover's position on sol 2009 (18 September 2009). This nearest rim segment exposes bedrock with polygonal textures (Figure 3c ) and a tentative phyllosilicate signature (Figure 1c) , and the adjacent plains have a hydrated sulfate spectral signature. If Opportunity reaches this location with its Athena payload [Squyres et al., 2003 ] still largely functional, the Mössbauer spectrometer may be able to independently confirm the presence of Febearing phyllosilicates in the rim, and could identify their oxidation state and associated minerals [e.g., Dyar et al., 2008] . The Miniature Thermal Emission Spectrometer may also be able to confirm the presence of phyllosilicates and constrain their composition [e.g., Michalski et al., 2006] . The Alpha Particle X-Ray Spectrometer could determine major and minor element chemistry, and the Pancam and Microscopic Imager could document grain sizes, shapes, and possible sedimentary textures (e.g., cross-bedding or laminations too fine to resolve from orbit), providing critical new constraints on the processes that emplaced these phyllosilicate-bearing rocks on ancient Mars. 
